Abstract-Considering a full-duplex network comprised of a full-duplex (FD) base station and two half-duplex (HD) users, one user transmits on the uplink channel and the other receives through the downlink channel on the same frequency. The uplink user will generate interuser interference (IUI) on the downlink user through the interference channel. In this paper, we propose an IUI suppression approach when the base station knows the full channel station information. To evaluate the performance of the proposed approach, four cases are considered, i.e., the uplink, the downlink, and the interference channels are Gaussian; the downlink and the interference channels are Rayleigh fading and the uplink channel is Gaussian; the uplink, the downlink, and the interference channels are Rayleigh fading; the uplink, the downlink, and the interference channels are Rician fading. We derive the close-form expression of the achievable rate and the energy efficient for the former two cases and investigate the performance for the latter two cases through Monte Carlo simulations. Analytic and simulation results show that the achievable rate and the energy efficient of the proposed approach is significantly influenced by the signal-to-noiseratio (SNR), the Rician factor, and the power ratio between the uplink and the interference channels.
I. INTRODUCTION
F ULL-DUPLEX (FD) wireless communications simultaneously operate over the same frequency channel which have the potential to double the spectrum efficiency [1] [2] [3] [4] . The FD communications are in contrast to the half-duplex (HD) communications, which are either time-division, frequency-division, or codedivision for transmitting and receiving. The main obstacle in implementing the FD transceiver is the large self-interference (SI) leaked from the local transmitter because of the closeness of the transmitter and receiver chains. Typically, the SI signal is million times than 
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Inter-User Interference the intended signal on the air. Recently, many studies have implemented the FD communication systems using combing SI suppression techniques such as passive suppression, analog suppression and digital suppression and thus the SI can be attenuated to detect the intended signal [5] [6] [7] [8] [9] [10] . The feasibility of FD creates new design opportunities for wireless communications. Since the SI suppression techniques are too complex for mobile user compared to the base station to implement in near future, we focus on studying a network comprised of the HD mobile users and the FD base stations.
Considering a FD network shown in Fig. 1 , two HD mobile users communicate with a FD base station that supports one uplink and one downlink traffics at the same time on the same frequency. In this network, there are two types of interference: SI at the FD base station, and inter-user interference (IUI) from the uplink mobile user U1 to the downlink mobile user U2. The distinction of this two types of interferences is that, the SI signal is known at the BS receiver, because the transmitter and receiver are deployed at the same location, but the IUI is not known at the node U2. In this paper, we assume that the SI at the base station has been suppressed under the noise floor and can be neglected, and thus focus on IUI suppression. Note that SI may be easily processed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] as the SI information is locally available at the FD base station. However, handling IUI is much more challenging as it is between distributed users, who cannot share data information without sacrificing bandwidth resources. Roughly, IUI management techniques can be sorted into three categories as follows 1) Resource allocation techniques: To reduce IUI, Goyal et al. propose a scheduling approach to maximize the achievable rate that can be harvested from in-band FD transmissions [12, 13] . Ramirez et al. propose a joint algorithm to realize power allocation and routing considering both SI and IUI among neighboring nodes in FD wireless relay networks [14] . The authors [15] investigate IUI problem that occurs in multi-user scenarios and show that FD transmission can be made more robust against IUI, which inevitably occurs in cellular communication systems. Shao et al. [16] propose partitioning method that the cell is divided into several partitions where the IUI is regarded as Gaussian noise at the mobile user receiver and the same frequency resource is assigned to the two users who are far enough from each other. This method is suitable for the larger cell. In [17] , the authors investigate the joint issue of subcarrier assignment and power allocation to maximize the sum achievable rate performance in FD orthogonal frequency division multiple access (OFDMA) networks. In [18] an IUI coordination approach based on geographical context information is given, which exploits the signal attenuation from obstacles between mobile users such that IUI is minimized. To potentially cancel co-channel interference caused by other users, the opportunistic interference suppression (OIC) technique is applied at user side and a joint mode selection, user scheduling, and channel allocation problem is formulated to maximize the system throughput [19] .
2) Medium access control (MAC) techniques:
The simplest method avoids IUI by picking nodes that are completely hidden from each other [20] . Singh et al. propose a distributed MAC protocol with a selection scheme for a secondary receiver [21] . The selection approach allocates different weight values to candidates for the secondary receiver. If a candidate node experiences more successful transmissions, it has a higher weight value and thus a greater chance to be selected as the secondary receiver. Another method [22] optimizes user pairing by considering IUI based on the information about IUI and traffic demands reported from all pairs of users. Goyal et al. in [23] develop a centralized MAC protocol considering interference between two users due to their concurrent transmissions. In [24] , Choi et al. studies a random-access MAC protocol using distributed power control to manage IUI in wireless networks with FD base stations that serve HD users. In practice, it would be favorable to design an adaptable MAC protocol configured by specific channel and network conditions. Chen et al. [25] present a distributed FD MAC protocol that allows a base station to adaptively switch between FD and HD modes so as to reduce the influence of the IUI.
3) Physic layer (PHY) techniques: Bai et al. [26, 27] present the sum achievable rate of a three-node wireless network with a FD base station and two HD terminals. Their method are the first study to access the direct mitigation of IUI among HD terminals and the authors utilize an additional side-channel to manage IUI. To investigate the performance of the proposed approach, four schemes are proposed under different side-channel information. To combat the severe IUI in the FD communication systems, Sahai et al. [28] propose new interference management strategies which allow the network to handle IUI while obtaining rate gains by operating in-band FD transmission. In their following work, Sahai et al. propose an interference management (IA) scheme to handle IUI for multiple antennas FD communication systems so as to achieve rate gains over conventional cellular systems in terms of degrees of freedom (DoF) [29] . Using the cascade interference suppression, IUI can be effectively eliminated among multiple nodes. In [30] , successive interference suppression (SIC) is applied, which is based on the fact that the downlink mobile user observes a MAC of two users and thus the downlink user has an opportunity to remove the IUI according to the transmission rates and its received powers. In their following work [31] , superposition coding based IUI suppression (SCIIC) is proposed referenced by the interference suppression method applied in the X-interference channel. Mai et al. [32] manage the IUI through transmit beamforming in millimeter wave FD systems when the base station adopts multiple antenna.
In the following, we study how to reduce the ICI. If the base station knows the full channel information of the uplink, the downlink, and the interference channels, the base station knows the IUI as soon as it receives the uplink signal and thus IUI can be suppressed by transmitting the reversed signal of IUI at the base station. This idea is simple. For example, we assume the values of the uplink, the downlink, and the interference channels are 1s and the uplink signal is x. When signal-to-noise (SNR) is high and noise can be neglected, the IUI signal is x and the IUI signal can be perfectly suppressed if the base station transmits a superposition signal −x. This scheme does not need complex algorithm and only need some extra transmit power at the base station. Our contributions are summarized as follows: 1), we propose a base station assisted IUI suppression scheme; 2), to investigate the performance of the proposed scheme, four scenarios are considered. We derive the closeform of the expression of the sum achievable rate and the energy efficient when all channels of the uplink, the downlink, and interference are Gaussian, and all channels are Rayleigh fading except the uplink channel is Gaussian. In the following, we evaluate the sum achievable rate and energy efficient through Monte Carlo simulation when all channels are Rayleigh or Rician. An algorithm is also developed to optimize the energy efficient performance of the proposed IUI suppression scheme under all fading channels; 3), we compared the performance of the proposed IUI suppression scheme with the HD mode, the ideal FD mode without IUI, and the FD mode with IUI but not suppressed.
Notation: E denotes the expectation operation, * denotes the complex conjugate, and CN µ, δ 2 denotes circularly symmetric Gaussian random variable with µ mean and δ 2 variance. The remainder of this paper is organized as follows. In Section II, the system model is presented. The proposed IUI suppression scheme is introduced in Section III. Section IV gives the performance analysis of the proposed IUI suppression scheme for Gaussian channels. Section V gives the performance analysis of the proposed IUI suppression scheme for Rayleigh fading channels except the uplink channel is Gaussian. Section VI gives the performance analysis of the proposed IUI suppression scheme for Rayleigh channels. Section VII gives the performance analysis of the proposed IUI suppression scheme for Rician fading channels. Finally, section VIII presents the conclusion.
II. SYSTEM MODEL In this section, we will introduce the system model to be used for the remainder of the paper. Since we concentrate on the IUI suppression, we assume that the SI at the FD base station can be perfectly suppressed. As shown in Fig. 2 , the network is comprised of interferencefree uplink transmission and the downlink transmission interfered by the uplink user.
If the channels are fading, rhe signal model considered here is frequency-flat and block-fading. This implies that the system uses orthogonal frequency division multiplexing (OFDM) for broadband transmission over multipath channels. Thus, the signal model here represents a single narrowband subcarrier. The following equations give the signal relationship between base station and mobile users
where X d and X d represent the uplink and the downlink signals respectively, and E |X u | 2 ≤ P u and n . h u denotes the direct link channel from the mobile user U1 to the base station, h d denotes the direct link channel from the base station to the mobile user U2, and h i denotes the interference link channel from mobile user U1 to mobile user U2. We assume that base station has the full channel station information of all other nodes.
To simplify the notation, let
n . Moreover, we introduce the Jensen inequality [33] , which will frequently used throughout this paper, as follows
where X is a nonnegative random variable.
To evaluate the performance of proposed IUI suppression scheme, four scenarios are considered and defined as follows for simplify. Case one, the networks works in HD mode. Case two, the networks works in ideal FD mode without IUI. Case three, the networks works in practical FD mode with IUI but no any IUI suppression technique is adopted. Case four, the networks works in practical FD mode with IUI suppressed by the proposed IUI scheme.
III. PROPOSED IUI SUPPRESSION SCHEME
In this section, we propose an IUI suppression scheme, then we derive the optimum solution.
Since the base station knows the state information of all channels h u , h d , and h i , the IUI can be suppressed if the base station transmits the reversed version of the IUI signal as soon as it receives the uplink transmission signal. We assume the delay difference between the IUI signal and the reversed version of the IUI signal transmitted by the base station can be neglected. The transmitted signal at the base station can be expressed asX
where h denotes the coefficient which can be adjusted for IUI suppression.
The received signal at the mobile user U2 can be written as
We assume the uplink signal X u , the downlink signal X d , and complex Gaussian noise N u and N d are uncorrelated. Therefore, the average power at the mobile user U2 is
n . The signal-to-interference-plus-noise-ratio (SINR) at the output of mobile user U2 is
n . The problem to maximize the SIN R is equivalent to minimize IN P as follows
Let the differentiation be zero, we get the optimum h as follows
Therefore, the maximization output at the mobile user U2 is
Remark: In above analysis, we assume the transmit power of base station is not limited. Thus, there exists enough power to generate the reversed version of the IUI signal. We can see that the residual IUI denoted as IN P at the mobile user U2 avoids from the influence of the downlink channel power |h d | 2 . In addition, SIN R opt is increased with increase of the downlink channel power
, it is obvious that the ratio of the interference channel and the uplink channel power, i.e., |h d /h u | 2 , decides the SIN R opt . Specially,
, it means that SIN R opt degrades about 3dB compared to the IUI-free case. On the other hand, this rate is with one-bit rate scope of the ideal case.
this approach has a litter effect on the suppression of the IUI.
IV. PERFORMANCE ANALYSIS FOR GAUSSIAN CHANNELS
In this section, we will analyze the sum achievable rate and energy efficient of the proposed IUI suppression scheme when the uplink, the downlink, and the interference channels are Gaussian.
A. Sum Achievable Rate
For case one, the network works in HD mode. We assume the uplink ratio is µ, 0 ≤ µ ≤ 1, then the downlink ratio is (1 − µ). The sum achievable rate is
For case two, the network works in ideal FD mode while no IUI exists. In practice, this case occurs when the downlink user is hidden from the uplink user. The sum achievable rate is
For case three, the network works in FD mode with IUI, but no IUI suppression method is adopted. The sum achievable rate is
For case four, the sum achievable rate of three nodes network can be expressed as 
Fig . 3 shows the sum achievable rate versus the power ratio of the uplink and the interference channels
The uplink and the downlink transmit power is Fig. 3 shows that for fixed the uplink channel power |h u | 2 , the FD mode with interference suppressed by the proposed IUI suppression approach performs between the ideal FD mode without interference and the FD mode with interference not suppressed. The FD mode with interference suppressed by the proposed method approximates the ideal FD mode without interference as the uplink channel power |h u | 2 increases. This result corresponds to the analytic result in the Section III. Moreover, the FD mode with interference not suppressed outperforms the HD mode when the uplink channel power |h u | 2 is larger than about 0.5.
B. Energy Efficient
In the following, we assume P d + P u + P j = P where P j is the average power used for suppressing the IUI transmitted by the base station. For simplify, we assume
For case one, it easy to know that P u = P d = P/2 , thus the energy efficient is
For case two, also, P u = P d = P/2 , thus the energy efficient is
For case three, also, P u = P d = P/2 , thus the energy efficient is
For case four, the transmitted power P j can be obtained by
Hence, the uplink transmit power P u can be solved by the following equation
If the uplink transmit power P u is obtained, then the downlink transmit power P d and the IUI suppression transmit power P j can be calculated. Thus, the energy efficient is 
channel power |h u | 2 . When the uplink channel power |h u | 2 is too small, the energy efficient of the FD mode with interference not suppressed and the FD mode with interference suppressed by the proposed IUI suppression scheme are the same. On the other hand, if we want to obtain high energy efficient of the proposed IUI suppression scheme, to select large enough power |h u | 2 of the uplink channel is important.
V. PERFORMANCE ANALYSIS FOR RAYLEIGH FADING CHANNELS EXCEPT THE UPLINK CHANNEL IS GAUSSIAN In this section, we will analyze the sum achievable rate and energy efficient of the proposed IUI suppression scheme when the downlink and the interference channels are Rayleigh fading and the uplink channel is Gaussian. If the channel is fading, we assume that the transceiver transmits signals in uniform power. We also assume that h d ∈ CN (0, 1) and h i ∈ CN (0, 1).
A. Sum Achievable Rate
For case one, the network works in HD mode. We assume the uplink ratio is µ, 0 ≤ µ ≤ 1, then the downlink ratio is (1 − µ) . The sum achievable rate is
For case two, the network works in FD mode while no IUI exists. In practice, this case occurs when the downlink user is hidden from the uplink user. The sum achievable rate is
It is easy to know that the interference channel power |h i | 2 is a central chi-square random variable with 2 degrees of the freedom [34] . To simplify the notation, let y = |h i | 2 . The probability density function (PDF) of y is
exp (−y) = exp (−y) 
where Γ (n) is the Gamma function and if n is a positive integer, Γ (n) = (n − 1)!. Therefore, the sum achievable rate for case three is
where Ei (x) denotes the Exponential integral function. For real non zero values of x, the exponential integral Ei (x) is defined as
Similarly, for case four, the sum achievable rate of three nodes network can be expressed as Fig. 6 shows the sum achievable rate versus the power ratio between the uplink and interference channels
for five cases. The uplink and the downlink transmit power is P d /σ 2 n = P u /σ 2 n = 20 dB. The results are very similar to Fig. 3 when all the channels are Gaussian. A litter difference is that the FD mode with interference suppression by the proposed IUI suppression method performs better at lower uplink channel power |h u | 2 .
B. Energy Efficient
In the following, we assume P d + P u + P j = P where P j is the average power used for suppressing the IUI. For simplify, we assume P u = P d .
Notice that the integral above does not exist. In practice, if the downlink channel power |h d | 2 is too small, it pays too much power consume for the IUI suppression at the base station. Therefore, we set a power threshold value T d such that the IUI suppression signal does not transmit at the base station if the power of the downlink channel |h d | 2 is lower than
. Therefore, the modified average transmitted power is [35] 
Thus, the P j , P u , P d can be solved by the following equation
Thus, considering the energy efficient of the proposed IUI suppression method, the achievable rate should be modified as suppressed by the proposed IUI method, the higher the downlink threshold power T d is, the higher the energy efficient.
Thus, the energy efficient for case four is
VI. PERFORMANCE ANALYSIS FOR RAYLEIGH FADING CHANNELS In this section, we will analyze the sum achievable rate and energy efficient of the proposed IUI suppression scheme when the uplink, the downlink, and the interference channels are Rayleigh fading. We assume that the transceiver transmits signals in uniform power. We also assume that h i ∈ CN (0, 1). h d ∈ CN (0, 1) and h i ∈ CN (0, 1). Because it is hard to derive the close-form of the sum achievable rate and energy efficient, we evaluate the performance of the proposed IUI suppression scheme through Monte Carlo simulations.
A. Sum Achievable Rate
For case three, the sum achievable rate is
For case four, if the uplink channel power |h u | 2 is smaller than the noise floor σ 2 n , it would increase the interference at the mobile user U2 regardless of the transmit power using for the IUI suppression at the base station. Thus, we introduce the threshold coefficient of the uplink channel power β, β ≥ 1 which decides whether the base station attempts to or not suppress the IUI. If |h u | 2 ≥ βσ 2 n /P u , the base station decides to transmit the extra signal to suppress the IUI. In other situation, the base station keeps silent. The sum achievable rate of three nodes network can be expressed as Fig. 9 shows the sum achievable rate versus SNR for five cases. The gap between the ideal FD mode without interference and the FD mode with IUI suppression by the proposed scheme in this paper almost keep constant from 0 dB to 30 dB SNR, where SN R u = SN R d = IN R i = SN R. However, the difference between the FD mode with IUI suppression by the proposed scheme and the FD mode with interference not suppressed increases with the increase of the SNR. Moreover, even the FD mode with interference not suppressed performs better than the HD mode. This result verifies that the FD operation can obtain benefit even IUI is considered as an additive Gaussian noise at the U2 mobile receiver.
B. Energy Efficient
In the following, we assume P d + P u + P j = P where P j is the average power used for suppressing the IUI. For simplify, we assume P u = P d . For case one, it easy to know that P u = P d = P/2 , thus the energy efficient is
For case three, also, P j = 0 and P d = P u = P/2 . The energy efficient is
P . For case four, the energy efficient is
where
Hence, the average transmit power can be solved by the following equation
The numerical algorithm of the energy efficient calculation for case four is summarized as Algorithm 1. Fig. 10 shows the energy efficient versus the total normalized transmit power P/σ 2 n for proposed IUI suppression scheme under different simulation points. The threshold coefficient of the uplink channel power is β = 1. The power threshold value of the downlink channel is T d = 1/10. Four cases are simulated. We can see that when the simulation points is larger than 1000, the Monte Carlo simulations for the energy efficient are almost stable. Fig. 11 shows the energy efficient versus the total normalized transmit power P/σ 2 n for six cases. The threshold coefficient of the uplink channel power β = 1. We can see that the energy efficient of the FD mode with interference suppressed by the proposed IUI suppression scheme when the T d s are 1/10 and 1/100 is higher than the HD mode, but lower than the FD mode with interference not suppressed. The energy efficient of the FD mode with interference suppressed by the proposed IUI suppression scheme can be improved if we adjust the T d . However, too large T d means low spectral efficiency. This result implies that there exist an obvious trade-off between the energy efficient and the spectral efficiency.
Algorithm 1 Energy efficient calculation for fading channels
1: Given β, T d , P , σ 2 n , generate the I length channel power vectors H u2 , H d2 , and H i2 , R ← 0; 2: for i = 1; i < I; i + + do 3:
if h d2 > T d then 5: Solve equation:
else 10:
11:
end if 13: else 14 :
15: 
VII. PERFORMANCE ANALYSIS FOR RICIAN FADING CHANNELS
In this section, we will analyze the sum achievable rate and energy efficient of the proposed IUI suppression scheme when the uplink, the downlink, and the interference channels are Rician fading. We assume that the transceiver transmits signals in uniform power. We also assume that E |h u | 2 = 1, E |h d | 2 = 1, and
Because it is hard to derive the closeform of energy efficient and sum achievable rate of the Rayleigh fading channels, we evaluate the performance of the proposed IUI suppression scheme through Monte Carlo simulations. When the uplink, the downlink and the interference channels are Rician fading, they can be expressed as [36] where x ∈ {u, d, i} , K x denotes the Rician factor,h x ∈ CN (0, 1).
A. Sum Achievable Rate
For case one and two, the sum achievable rate are the same to the result of Section VI, so we omit it here (please refer to (20) and (21)).
For case four, the sum achievable rate is the same to (23) . Fig. 12 shows the sum achievable rate versus Rician factor K for five cases. The equivalent signal power is represented as SN R u = SN R d = IN R i = SN R = 20 dB. The sum achievable rates of all modes avoid from the influence of the Rician factor except the FD mode with interference not suppressed. It is not surprised that the achievable rate of the FD mode with interference suppressed by the proposed IUI suppression scheme keeps constant because the uplink channel power is still good even when the Rician factor K = 0 dB. When the Rician factor K is lower than 20 dB, the achievable rate of the FD mode with interference not suppressed is increased with the decrease of the Rician factor K. We conjecture that the SIN R becomes higher at the downlink receiver when the Rician factor is decreased. We cannot prove it, because the SIN R is the ratio of non-central Chi-square term divided by another term contains a non-central Chi-square and noise term, thus we left it for future work. Fig. 13 verifies this conjecture that the moment of the ratio of two independent noncentral Chi-square random variables is increased with the decreased of the Rician factor. 
B. Energy Efficient
For case one and two, the energy efficient are the same to the result of Section VI, so we omit it here (please refer to (24) and (25)).
For case three, also, P j = 0 and P d = P u = P/2 , the energy efficient is 
For case four, the energy efficient can be obtained as the same procedure of the Rayleigh fading channels (please refer to (27) and (29)). The numerical algorithm of the energy efficient calculation for case four is listed in Algorithm 1. Fig. 15 shows the energy efficient versus Rician factor
for five cases. The normalized total transmit power is P/σ 2 n = 20 dB. The energy efficient of all HD modes and ideal FD mode without interference avoids from the influence of the Rician factor. When the Rician factor K is lower than about 20 dB, the energy efficient of the FD mode with interference suppressed by the proposed IUI suppression scheme is increased with the increase of the Rician factor K; in contrast, the energy efficient of the FD mode with interference not suppressed is decreased with the increase of the Rician factor K. Fig. 16 shows the energy efficient versus the total normalized transmit power P/σ 2 n for six cases. The results are similar to Gaussian channels when all channel power is 1 because the Rician channels approximate to Gaussian channels when all channel power is 1 when the Rician factor is high such as K = 20 dB.
VIII. CONCLUSION
In mixed HD and FD networks, IUI is a key bottleneck especially when the scale of the network becomes larger. In this paper, one simple IUI suppression scheme is proposed when the base station knows the full state information of the uplink, the downlink, and the interference channels. To investigate the effectiveness of the proposed scheme, four scenarios are considered. First, when the uplink, the downlink, and the interference channels are Gaussian, we conclude that the power ratio between the uplink and the interference channels decides the sum achievable rate if the base station power is not limited. When considering the power constraint under energy efficient criterion, the energy efficient of proposed IUI suppression scheme is near to the performance of the FD mode when the interference is considered as the additive Gaussian noise at the receiver. Second, when the downlink and the interference channels are Rayleigh and the uplink channel is Gaussian, we derive the closeform expression of the sum achievable rate and energy efficient. From the simulation, when the uplink channel power is moderate large, the sum achievable rate exceeds the HD mode. Moreover, when the uplink channel power is 0.2 times larger than the interference channel power at SN R = 20 dB, the energy efficient would exceed the HD mode. Third, we evaluate the performance of the proposed scheme through Monte Carlo simulations when the uplink, the downlink, and the interference channels are Rayleigh or Rician fading. For Rayleigh fading with same channel power, the sum achievable rate approximates to the ideal FD mode especially when the SNR becomes larger. The energy efficient of the Rayeigh channels performs better than the HD mode, but worsen than the method considering the IUI as additive Gaussian noise at the receiver. For Rician fading with same channel power, the sum achievable rate keeps constant when the Rician factor K is in between 0 dB and 80 dB. The energy efficient of the proposed IUI suppression method is larger than the FD mode which considered the interference as the additive noise when the Rician factor is high enough. On the other words, high Rician factor makes for the sum achievable rate and energy efficient of the proposed IUI suppression method.
On the whole, when applying the proposed IUI suppression method in the FD networks, the users should be paired. How to pair the users? One gold rule is based on the quality of the uplink channel. That is to say, the quality of the interference and the downlink channels is not so important. Especially, even in the worst case that the power of the interference channel is strong and the power of the downlink channel is weak, the proposed IUI suppression method can achieve high rate, as long as the quality of the uplink channel is high. This is in contrast of the conventional viewpoint that the uplink channel power should be rationally controlled under certain level to obtain optimum sum achievable rate.
